Lung cancers, the leading cause of cancer mortality worldwide, are characterized by a high metastatic potential. Growing evidence reveals that Spindlin 1 (SPIN1) is involved in tumor progression and carcinogenesis. However, the role of SPIN1 in non-small-cell lung cancer (NSCLC) and the molecular mechanisms underlying SPIN1 in human NSCLC remain undetermined. Here we examined the function of SPIN1 in human NSCLC and found that the expression of SPIN1 was closely correlated with the overall survival and poor prognosis of NSCLC patients. Aberrant regulation of microRNAs (miRNAs) has an important role in cancer progression. We revealed that miR-409 inhibits the expression of SPIN1 by binding directly to the 3 0 UTR of SPIN1 using dual-luciferase reporter assays. Overexpression of miR-409 significantly suppressed cell migration, growth, and proliferation by inhibiting SPIN1 in vitro and in vivo. SPIN1 overexpression in miR-409-transfected NSCLC cells effectively rescued the suppression of cell migration, growth, and proliferation regulated by miR-409. miR-409 regulates the PI3K/AKT (protein kinase B) pathway in NSCLC. Moreover, clinical data showed that NSCLC patients with high levels of miR-409 experienced significantly better survival. miR-409 expression was also negatively associated with SPIN1 expression. Taken together, these findings highlight that the miR-409/SPIN1 axis is a useful pleiotropic regulatory network and could predict the metastatic potential in NSCLC patients early, indicating the possibility that miR-409 and SPIN1 might be attractive prognostic markers for treating NSCLC patients.
INTRODUCTION
Non-small-cell lung cancer (NSCLC) has been implicated as the most common type of lung cancer worldwide. [1] [2] [3] [4] [5] [6] The survival rate of patients with NSCLC after diagnosis is only slightly more than 15%. Despite enormous advances in radiotherapy and chemotherapy to treat NSCLC during the past decades, 3,7-13 the clinical outcome for NSCLC patients has not yet significantly improved. Therefore, identification of new therapeutic approaches and candidates for clinical treatment of NSCLC is necessary. Spindlin 1 (SPIN1), a member of the SPIN/SSTY gene family, has emerged as an essential regulator that is specifically expressed during gametogenesis in unfertilized oocytes and embryos in mice.
14 SPIN1
regulates meiotic resumption and forms a ribonucleoprotein complex during meiotic maturation in mouse oocytes. 15 SPIN1 overexpression in somatic cells also causes metaphase arrest. 15 Recent reports have indicated that ectopic expression of SPIN1 is closely correlated with cancer progression and metastasis. SPIN1 promotes ovarian cancer cell proliferation through activation of WNT/TCF-4 signaling, 14 suggesting that SPIN1 might have key roles in the aggressiveness of tumors. In human triple-negative breast cancer (TNBC), SPIN1 has been revealed to be upregulated. 16 SPIN1 is also overexpressed in glioma tissues and has been identified as a potential candidate of miR-489. 17 However, the essential role of SPIN1 in human NSCLC development and carcinogenesis remains largely unknown.
MicroRNAs (miRNAs) are small, non-coding, single-stranded RNAs that have been described to function as an endogenous means of RNAi and plays critical roles in various essential biological processes, including development, metabolism, and apoptosis. [18] [19] [20] [21] [22] Accumulating evidence indicates that miRNAs such as miR-138, 23 miR-330-3p, 24 miR-503, 25 and miR-582-3p are grossly dysregulated in NSCLC pathogenesis. 26 However, the molecular mechanisms by which miRNAs regulate SPIN1 in human NSCLC carcinogenesis and the possible link between SPIN1 and miRNAs in human NSCLC have not yet been fully elucidated.
In this work, we identified that SPIN1 is closely associated with the overall survival and prognosis of NSCLC patients. SPIN1 was found to be a novel direct downstream target and functional regulator of miR-409 in NSCLC. We also demonstrated that miR-409 plays an important role in controlling cell migration, growth, and proliferation by targeting SPIN1 using in vivo and in vitro approaches. Furthermore, miR-409 expression was negatively associated with SPIN1 expression in NSCLC patients. Therefore, miR-409 and SPIN1 might be promising novel prognostic and therapeutic biomarkers for treating NSCLC patients.
RESULTS

SPIN1 in NSCLC Patients Is Closely Correlated with Clinical Prognosis
To examine the function of SPIN1 in NSCLC patients, we carried out a histopathologic assay and investigated SPIN1 expression in 85 NSCLC samples and adjacent noncancerous tissues ( Figure 1A ). We found that SPIN1 possessed a higher expression in human NSCLC tissues than in the corresponding nontumor tissues (p = 6.1 Â 10 À7 ) ( Figure 1B ). We then detected the clinical parameters of SPIN1 in NSCLC patients to identify the association between SPIN1 expression and clinicopathological characteristics. The findings showed that SPIN1 expression was closely correlated with tumor size, histological stage, pleural invasion, and metastasis (Table 1) . According to the Kaplan-Meier survival analysis, we identified that NSCLC patients with low expression of SPIN1 had better overall survival (OS) (p = 0.006) and disease-free survival (DFS) (p = 0.011) than those with high SPIN1 expression ( Figures 1C and 1D ). Taken together, these findings reveal the important clinical significance of SPIN1 in prognosis and metastasis of NSCLC patients. 409, miR-431-5p, and miR-489. We then performed a western blot analysis to demonstrate the effect of the abovementioned miRNAs on the expression of SPIN1 in human NSCLC cell lines ( Figure S1 ). Consistent with the findings seen previously in glioma, 17 miR-489 also inhibited SPIN1 expression in human NSCLC cells. Importantly, miR-409 had the most pronounced inhibitory effect on SPIN1 expression. Hence, we hypothesize that miR-409 might be an important regulator in human NSCLC. According to the western blot analysis, we identified that overexpression of miR-409 significantly inhibited the production of SPIN1 in human NSCLC cell lines (Figures 2A and 2B ; Figure S1 ). miR-409 inhibition also promoted SPIN1 expression in the same NSCLC cell lines ( Figures 2C and 2D) . Notably, miR-409 did not regulate the mRNA expression level of SPIN1, indicating that this regulation is posttranscriptional ( Figure S2 ).
We next transiently co-transfected the A549 and H460 cell lines with luciferase reporter constructs containing the wild-type or mutated SPIN1 3 0 UTR and miR-409 or anti-miR-409 to determine whether SPIN1 is a direct and specific target of miR-409. The data identified that miR-409 overexpression inhibited the 3 0 UTR luciferase reporter activity of SPIN1 but did not have an effect on the luciferase activity of the reporter in which the miR-409 binding sites were mutated (Figure 2E) . miR-409 inhibition also promoted the 3 0 UTR reporter luciferase activity of SPIN1 ( Figure 2F ). Taken together, these findings show that miR-409 inhibits SPIN1 expression by directly targeting the 3 0 UTR of SPIN1 in human NSCLC.
miR-409 Inhibits the NSCLC Cell Migration, Growth, and Proliferation Abilities through Inhibition of SPIN1
Next we used wound healing assays to find out whether miR-409 regulates the migration ability of NSCLC cell lines. The findings indicated that miR-409 overexpression significantly suppressed the migration ability of NSCLC cell lines, whereas re-expression of SPIN1 rescued the effect of miR-409 on NSCLC cells ( Figure 3A) . Furthermore, inhibition of miR-409 promoted the migration of human NSCLC cells compared with a control treatment ( Figure 3B ), which was in line with the data found above.
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We then performed cell growth and colony formation assays to assess whether miR-409 had an effect on the cell proliferation phenotypes of NSCLC cell lines. Cells transfected with miR-409 were used for cell growth analysis. Consistent with the data above, overexpression of miR-409 suppressed the proliferative ability and colony formation ( Figures 3C and 3E ). Moreover, SPIN1 restoration reversed the effect of miR-409 on cell proliferation and colony formation ( Figures 3C  and 3E ). miR-409 inhibition also promoted NSCLC cell proliferation and colony formation ( Figure 3D and 3F). Taken together, these data demonstrate that miR-409 impairs cell proliferation by suppressing SPIN1 production, suggesting that SPIN1 is an important regulator of miR-409 function in human NSCLC progression.
miR-409 Regulates Activation of the PI3K/AKT Pathway in NSCLC
Previous reports have revealed that SPIN1 mediates the phosphatidylinositol 3-kinase (PI3K)/AKT (protein kinase B) pathway in breast cancer, melanoma, and glioma. 17, 27, 28 SPIN1 has been shown to regulate the process of spindle organization and chromosomal stability. 15, 27, 29 The findings above demonstrate that miR-409 acts as the upstream regulator of SPIN1. We next examined whether miR-409 regulates spindle organization and chromosomal stability through activation of the PI3K/AKT pathway in NSCLC. The results indicated that miR-409 overexpression inhibited CREB1 and BCL2 expression in the PI3K/AKT signaling pathway ( Figures S3A-S3C ), whereas miR-409 knockdown promoted CREB1 and BCL2 expression (Figures S3D-S3F ). Furthermore, overexpression of miR-409 suppressed phosphorylated AKT (p-AKT) as well as downstream targets of the PI3K/AKT pathway, including CyclinD1 ( Figure S3G ). Inhibition of miR-409 upregulated the PI3K/AKT pathway with increased expression levels of p-AKT and CyclinD1 ( Figure S3H ). Taken together, these data indicate that miR-409 regulates the PI3K/AKT pathway in NSCLC.
miR-409 Inhibits the Initiation of NSCLC
We further determined the effect of miR-409 on A549 cell growth in nude mice to investigate the miR-409 expression phenotype in vivo. Next we assessed the effect of miR-409 on lung burden. The data showed that the miR-409-expressing group had a more significant decrease in lung burden compared with the control group (Figure 4C) . Similar results were also observed regarding the photonic radiance intensity of the lungs in the miR-409-expressing group ( Figure 4D ). The miR-409 plus SPIN1 group had impaired expression of miR-409 ( Figure 4D ). We next performed a histologic analysis of the mouse lungs. Indeed, the findings confirmed the tumor foci ( Figures 4E and 4F ). The miR-409-expressing group presented fewer tumor foci in the lungs than the control group, whereas the miR-409 plus SPIN1 group showed reversal effects of miR-409 on tumor foci. Together, these data strongly demonstrate that miR-409 and SPIN1 function as an important regulator in NSCLC dissemination.
miR-409 Expression in Human NSCLC Samples and the Correlation between miR-409 and SPIN1
To investigate the clinical significance of miR-409 in NSCLC patients, we performed a qRT-PCR assay and examined the expression of miR-409 in 85 NSCLC samples and matched adjacent nontumor tissues. We found that the expression of miR-409 was significantly downregulated in NSCLC patients according to the qRT-PCR analysis (p = 9.3 Â 10 À5 ) ( Figure 5A ). We next investigated the association between miR-409 expression and clinicopathological characteristics to determine the clinical significance of miR-409. The data revealed that miR-409 expression was closely correlated with NSCLC histological stage, tumor size, pleural invasion, and metastasis (Table 2) . A Kaplan-Meier survival analysis revealed that NSCLC patients with high expression levels of miR-409 had better OS (p = 0.009) and DFS (p = 0.003) than patients with low miR-409 expression levels, suggesting that miR-409 might be a predictor of better human NSCLC clinical outcomes ( Figures 5B and 5C ). Furthermore, miR-409 expression was negatively correlated with SPIN1 protein expression in NSCLC samples (p = 3.9 Â 10 À6 , r = À0.816) ( Figure 5D ; Figure S4) , which was in line with miR-409 inhibition of SPIN1 protein expression in cultured cells (Figure 2A ; Figure S1 ). Collectively, these findings strongly indicate an important role of miR-409 and SPIN1 in the prognosis of human NSCLC.
DISCUSSION
Accumulating evidence has shown that miRNAs are aberrant in various cancers and closely correlated with progression and metastasis. [30] [31] [32] [33] [34] [35] [36] Hence, identification of tumor-related miRNAs might be critical for current effective and specific therapy. miR-409 acts as a novel miRNA regulator in biological behavior in some tumors. miR-409 inhibits tumor cell invasion and metastasis by directly targeting radixin in gastric cancers. 37 miR-409 also functions as a tumor suppressor in bladder cancer. 38 Nevertheless, the exact function of miR-409 in human NSCLC remains largely unknown. In the present study, we found that miR-409 has a tumor-suppressive effect on human NSCLC migration, growth, and proliferation by directly targeting SPIN1. miR-409 regulated activation through the PI3K/AKT pathway in NSCLC, and miR-409 expression in human NSCLC was markedly downregulated compared with adjacent tissues. Furthermore, NSCLC patients with high levels of miR-409 displayed better OS and DFS, supporting that miR-409 functions as a novel predictive and prognostic regulator in human NSCLC.
SPIN1, a member of the SPIN/SSTY gene family, was first identified as a target highly expressed in ovarian cells. 39 SPIN1 has been shown to regulate the process of spindle organization and chromosomal stability and plays an important role in the progression of cancer. 15, 27, 29 Reducing SPIN1 expression levels in vitro and in xenograft mouse models strongly impairs proliferation and increases apoptosis of liposarcoma cells. 40 SPIN1 has also been shown to function as a histone code reader to control skeletal muscle functional networks. 41 In this work, we found that the miR-409/SPIN1 axis could regulate cell migration and proliferation in NSCLC cells through the PI3K/AKT pathway. We also identified that the SPIN1 overexpression directly promoted NSCLC progression. Importantly, SPIN1 was closely associated with NSCLC carcinogenesis-related cellular properties such as motility and migration, suggesting that SPIN1 might be a promising attractive therapeutic target for intervention in human NSCLC.
Currently, emerging data have revealed that SPIN1 inhibition affects tumor biological motility and activity. One recent study found that SPIN1 small-molecule inhibitors block transcriptional coactivator activity. 42 SPIN1 was also upregulated in glioma compared with normal tissues, and SPIN1 has been identified to be a potential target of miR-489, 17 which was also demonstrated in NSCLC cells in our study. However, the exact function of SPIN1 in NSCLC and the miRNAs in regulating SPIN1 expression in NSCLC still remains to be elucidated. Conceivably, SPIN1 inhibition might be a promising potential molecular therapeutic target for treating human NSCLC. In this www.moleculartherapy.org study, we revealed that high expression of SPIN1 was more frequent in human NSCLC tissues and that NSCLC patients with high levels of SPIN1 presented with worse OS and DFS. In addition, miR-409 overexpression inhibited cell migration, growth, and proliferation in vitro and in vivo. Furthermore, we performed clinical analyses and revealed a negative correlation between miR-409 and SPIN1 expression in human NSCLC samples, suggesting that the miR-409/SPIN1 axis might be a novel promising candidate for the prevention human NSCLC.
Taken together, our data reveal that high expression of SPIN1 is more frequent in human NSCLC tissues and that NSCLC patients with high levels of SPIN1 presented with worse OS and DFS, suggesting that SPIN1 functions as an important independent biomarker that could predict the clinical outcome of human NSCLC. miR-409 could inhibit cell migration, growth, and proliferation in NSCLC by directly targeting SPIN1. The SPIN1 expression level was upregulated in NSCLC patients and negatively correlated with that of miR-409, suggesting that the miR-409/SPIN1 axis might be a potential predictive therapeutic candidate for human NSCLC clinical outcomes.
MATERIALS AND METHODS
Patients and Specimens
This research was performed with informed consent from the patients and approved by the Institutional Review Committee of the General Hospital of the People's Liberation Army (Beijing, China). 85 conventional NSCLC and adjacent noncancerous tissues were investigated on the basis of accepted radiological and pathological criteria. The follow-up information of the patients was updated every month. OS was defined as the time elapsed from surgery to death. Specimens were divided into two portions; one portion was used for histopathologic assessment, and the other portion was immediately snapfrozen in liquid nitrogen and stored at À80 C until RNA extraction. The clinical and demographic characteristics are presented in Table S1 . Clinical information was collected according to the records of the patients.
Histopathologic Assessment
For histopathologic assays, tissues were fixed in 4% buffered paraformaldehyde for 48 hr and subsequently decalcified with buffered EDTA (20% EDTA [pH 7.4]). Tissues were then embedded in paraffin, sectioned, and stained with H&E. For immunohistochemistry (IHC) assays, the sections were pretreated with trypsin (0.05%) for 10 min before treatment with 3% (v/v) H 2 O 2 for 15 min. Then the sections were then blocked with 10% goat serum at room temperature for 1 hr. After washing with PBS, anti-SPIN1 antibody (1:50 dilution) was applied to the sections, and the sections were incubated at 4 C overnight. The sections were then washed with PBS for 15 min and incubated with biotinylated secondary antibody using a Histostain Plus kit (Invitrogen, Carlsbad, CA, USA). The sections were washed and incubated with 3,3 0 -diaminobenzidine (DAB) substrate for 2 min. The IHC staining was evaluated by two pathologists blinded to the origin of the specimen using light microscopy. The H-score method, which combines the values of immunoreaction intensity and the percentage of cells stained, was applied to investigate the total immunohistochemical scoring as described previously. 28 Briefly, the H-score was achieved by multiplying the percentage of weakly stained cells (Â 1), the percentage of moderately stained cells (Â 2), and the percentage of strongly stained cells (Â 3). A score of 2.1 or less was defined as low score, and a score between 2.1 and 3 was defined as a high score.
Cell Culture and Transfection
The A549 and H460 cell lines, which were tested for mycoplasma contamination, were bought from the American Type Culture Collection (Manassas, VA, USA). Cells were routinely cultured at 37 C in an atmosphere with 5% CO 2 and in DMEM with high glucose supplemented with 100 mg/mL streptomycin and 10% fetal calf serum (FCS) and 100 IU/mL penicillin. For transfection, cells were seeded with the indicated plasmids in 6-or 24-well plates using Lipofectamine 2000 (Invitrogen, Waltham, MA, USA) according to the manufacturer's instructions. The miRNA inhibitors (Ambion, Grand Island, NY, USA) were transfected at a concentration of 50 nM. The miRNA mimics were transfected into the cells using FuGENE HD (Promega, Madison, WI, USA) according to the manufacturer's protocol. 
Plasmids and Reagents
Mutant or wild-type promoter-containing luciferase reporters were constructed by insertion of PCR-amplified promoter fragments from genomic DNA into the pGL4-Basic vector (Promega, Madison, WI, USA). The primer sequences are presented in Table S2 . To introduce mutations into the seed sequences of the predicted miR-409 target sites within the 3 0 UTR of SPIN1, recombinant PCR was performed using the primers mentioned (Table S2 ). Lentiviruses were produced by co-transfection of HEK293T cells with recombinant lentiviral vectors and pPACK Packaging Plasmid Mix (System Biosciences, Mountain View, CA, USA) using MegaTran reagent (OriGene, Rockville, MD, USA). After 48-hr transfection, the lentiviruses were collected and added to the medium of the target cells with 8 mg/mL Polybrene (Sigma-Aldrich, St. Louis, MO, USA). Stable cell lines were selected for approximately 2 months with 1 mg/mL puromycin. Individual clones or pooled clones were screened by standard immunoblotting protocols and produced similar results. Anti-SPIN1 (ab216498), anti-b-actin (ab8227), anti-CREB1 (ab32515), and anti-BCL2 (ab32124) were purchased from Abcam (Cambridge, MA, USA). Anti-p-AKT (4060), anti-AKT (9272), and anti-Cyclin D1 (2978) were purchased from Cell Signaling Technology (Beverly, MA, USA).
Cell Immunofluorescence
Cells were cultured on coverslips and exposed to treatment. Cells were fixed with 4% paraformaldehyde for 30 min and permeabilized with 0.1% Triton X-100 for 5 min. Blocking was performed with 3% normal serum for 20 min, and then the cells were stained with the indicated antibody. After washing, the nuclei were counterstained with DAPI. Immunofluorescence was visualized using an Olympus BX41 microscope, and images were captured using a DP70 Olympus digital camera at high resolution.
Western Blotting
Total protein extracts were prepared for western blot analysis as described previously. 43 The immunocomplexes were visualized via chemiluminescence using an enhanced chemiluminescence (ECL) kit (Amersham Biosciences, Piscataway, NJ, USA).
Luciferase Assay
Cells at 60% confluence were seeded in 24-well plates. Using Lipofectamine 2000 reagent, reporter constructs containing the mutant or wild-type 3 0 UTR of SPIN1 were co-transfected with miR-409 into cells according to the manufacturer's protocol. The cells were collected after 48 hr and assessed for b-galactosidase and luciferase activities as described previously. 28 
Wound Healing Assays
Cells at 60% confluence were seeded in 6-well plates in culture medium for wound healing assays. After 24 hr, the confluent cellular monolayer was scratched with a fine pipette tip. For migration, using a microscope, the rate of wound closure was observed at the indicated times.
Anchorage-Dependent and Anchorage-Independent Growth Assays
Cell proliferation was examined using a CCK-8 Kit (Dojindo Laboratories, Kumamoto, Japan) according to the manufacturer's instructions. To analyze anchorage-independent growth, transfected cells were seeded in 96-well plates and examined at 0, 24, 48, 72, and 96 hr as described previously. 44 
RNA Extraction and qRT-PCR
Total RNA was extracted and reverse-transcribed into cDNA using an RNeasy Mini kit (QIAGEN, Valencia, CA, USA) according to the manufacturer's instructions. The CFX Connect Real-Time PCR Detection System (Life Science Research, Hercules, CA, USA) was used to detect and quantify miRNA expression. The relative expression level of the miRNA was calculated using the comparative cycle threshold (Ct) method. Universal small nuclear RNA U6 (RNU6B) was used as the endogenous control for the miRNAs. The sequences of the primers used for qRT-PCR analysis are listed in Table S2 .
Animal Experiments
The animal studies were performed in accordance with protocols approved by the Institutional Animal Care and Use Committee at the General Hospital of the People's Liberation Army. Approximately 1.3 Â 10 7 A549 cells were injected into 6-week-old BALB/c mice. For the tumor growth model, cells labeled with firefly luciferase and stably transfected with the pCDH control vector, pCDH-miR-409, or PCDH-miR-409 and SPIN1 were injected subcutaneously. Tumor volume was examined according to the following formula: volume = (longest diameter Â shortest diameter 2 )/2. Tumor growth was calculated by caliper measurements. Excised tumors were weighed, and portions were frozen in liquid nitrogen or fixed in 4% paraformaldehyde for further study. The animals were imaged on day 35 using the IVIS200 imaging system (Xenogen, Alameda, CA, USA). The mice were then killed, and the lungs were weighed and fixed with 4% paraformaldehyde for further study. For in vivo lung locus study, 1.1 Â 10 7 A549 cells labeled with firefly luciferase carrying the indicated constructs were injected into the lateral tail vein of BALB/c female mice.
Statistical Analysis
To perform univariate and multivariate analyses, the Cox regression model was applied. The survival analysis was performed using the Kaplan-Meier method, and differences in survival curves were evaluated by log rank test. The qRT-PCR analysis was examined using oneway ANOVA with Tukey's post hoc test. Correlation was determined through Pearson's c 2 analysis using GraphPad Prism 6 (GraphPad, San Diego, CA, USA). All statistical tests were two-sided. Statistical calculations were applied using SPSS 17.0. The data are shown as the means ± SD. All in vitro experiments were carried out in triplicate and were repeated three times. p < 0.05 was considered statistically significant
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